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We have studied the sub-picosecond quasiparticle dynamics in the perovskite manganite La0.7Ca0.3MnO3 
and the layered manganite La1.4Sr1.6Mn2O7 using ultrafast optical spectroscopy. We found that for T ≥ TC, 
initial relaxation proceeds on the time scale of several hundred femtoseconds and corresponds to the 
redressing of a photoexcited electron to its polaronic ground state. The temperature and dimensionality 
dependence of this polaron redressing time provides insight into the relationship between polaronic motion 
and spin dynamics on a sub-picosecond time scale. We also observe a crossover to a more conventional 
electron-phonon relaxation in the ferromagnetic metallic phase below Tc. 
 
Although interest in the unusual electronic and magnetic properties of “Colossal” negative 
magnetoresistance (CMR) materials has led to a tremendous research effort both theoretically [1] 
and experimentally [2], there are still many unresolved issues related to the behavior of CMR 
materials. Basic mechanisms of the ferromagnetic metallic state emergence in manganites have 
been understood within the framework of double exchange theory [3] as shown in Fig. 1(a). In 
addition to double exchange, mechanisms such as the Jahn-Teller (JT) distortion with polaron 
formation (Fig. 1(b)), charge localization, and phase separation [4] have been proposed to interpret 
various phenomena in CMR materials. However, most of these mechanisms have been understood 
from a static, as opposed to dynamic perspective. For a complete understanding of the behavior of 
CMR materials, particularly near the transition temperature, it is essential to investigate their 
dynamic non-equilibrium properties.  
Y. Moritomo et al [2] experimentally found that magneto resistivity (MR) of layered manganese 
oxide show larger magnetic fluctuations up to temperatures significantly above Tc comparing with 
3 D manganese. Motivated by this experiment, our main purpose of this paper is to characterize 
the dynamical properties of polarons in 2 and 3 dimensions.  
The charge and lattice dynamics and interactions can be described by Holstein Hamiltonian which 
includes double exchange interaction and is expressed as [5] 
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Where Ci+ and ai+ are the electron and phonon creation operators at site i. The effective hopping 
matrix element tij between site i and j in the first term is determined by the angle between the local 
spins Si and Sj as tij=t cos(θij/2) through the double exchange integration [6]. In the Holstein model, 
the electrons are assumed to be coupled to intra-molecular deformation, which is a dispersionless 
optical phonon mode (aj+ +aj), with the coupling constant λ as shown in the second term in Eq. 
(1). The third term describes phonon energy with frequency ω. The above Hamiltonian describes 
a polaron which consists of a localized charge with its associated lattice distortion field and as a 
results, can be easily detected by diffuse scattering around the Bragg peaks in neutron and x-ray 
scattering experiments [7,8,9].  
 
Polaron, self-trapped by local lattice distortions, and its competition with magnetic and electronic 
ground states can explain the colossal magnetoresistance in transition metal oxides such as La1-
xAxMnO3 (A=Sr, Ca, Ba).[1] A proper hole doping in such system results in conducting 
ferromagnetic behavior below Curie temperature (TC). The basic microscopic mechanism 
responsible for this behavior is caused by the double exchange interaction being stronger than 
electron-phonon interaction thus leading to electron self-trapping by distorted lattice when 
neighboring ionic spins are not parallel, as shown in Eq. 1 and Fig. 1(b). Figure 1(a) shows that 
the eg electron on a Mn3+ site can hop to a neighboring Mn4+ which has empty eg shell. However 
there is strong Hund’s coupling between the eg electron and three t2g electrons, which want to keep 
them all aligned and prevents electron hopping if they are not. Double exchange interaction in high 
conductivity in ferromagnetic state wins over the electron-phonon coupling and leads high 
conductivity (the first term in Eq. (1)). However, at T>TC, double-exchange term in Eq.1 decreases 
and electron-phonon interaction becomes prevalent and results in paramagnetic insulating state. In 
undoped manganese perovskites, such as LuMnO3, each Mn3+ has four d-electrons as shown in 
Fig. 1(b). Octahedron of Mn3+O6 spontaneously distorts (Fig. 2(b)) because an increased elastic 
energy is compensated by a resulting electronic energy savings due to the distortion. This is called 
Jahn-Teller effect and this electron-lattice coupling results in insulting properties of the system in 
addition to a suppressed double-exchange process at T>TC.  
 
Ultrafast optical spectroscopy is a powerful tool for investigating quasiparticle dynamics because 
various interactions can be temporally resolved at the fundamental timescales of nuclear and 
electronic motion [4, 10-13]. Previously, our group has identified the polaronic signatures in early 
dynamics of La0.7M0.3MnO3(M= Ca, Sr) using optical pump-optical and terahertz (THz) probe 
spectroscopies [11]. These results show that THz conductivity increases right after strongly 
coupled electron-lattice state (polaron) is destroyed by optical excitation near the  magnetic 
transition temperature, TC (Fig. 2(b) in ref. [11], where we did not focus on the dynamics of polaron 
itself). We have also studied dynamics of nanoscale phase separation in Nd0.5Sr0.5MnO3 [4] by 
tuning the probe photon energy to the polaronic absorption peak. Although we used polaronic 
signatures in both measurements, associated fast relaxation processes in transient reflectivity 
signal have never been completely understood despite being essential for description of dynamic 
properties of Jahn-Teller polarons that exist in manganites in both paramagnetic and ferromagnetic 
phases. To obtain further information on the sub-picosecond polaron dynamics, we performed 
ultrafast optical reflectivity measurements as a function of temperature (T) in the systems with 
rather simple phase diagrams, such as three-dimensional manganite La0.7Ca0.3MnO3 (LCMO) and 
the quasi-two dimensional bilayered manganite La1.4Sr1.6Mn2O7 (bilayered LSMO). The observed 
recovery process in the high temperature paramagnetic insulating phase corresponds to the 
redressing of the photoexcited electron to its polaronic ground state. A comparison of the 
temperature dependence of the relaxation times in LCMO with those in bilayered LSMO suggests 
that the recovery time of the polaron is strongly influenced by the dimensionality of the electronic 
structure and spin orientation [5]. Furthermore, we observe a crossover to a more conventional 
electron-phonon relaxation in the ferromagnetic metallic phases. 
 
LCMO, which has a perovskite structure, is a ferromagnetic metal below TC =250 K and a 
paramagnetic insulator above TC. Similarly, bilayered LSMO has a 3D ferromagnetic transition 
near 90 K and features a layered perovskite structure which consists of quasi-2D MnO2 bilayers 
separated by insulating blocks of (La, Sr)2 O2 [14] . The samples we have investigated are single 
crystals with surface oriented normal to c direction. We have employed a standard optical pump-
probe setup where Ti:Sapphire laser produces 20-fs pulses with 80 MHz repetition rate that are 
centered at 1.5 eV photon energy. The photoinduced change in reflectivity ΔR/R was measured 
using an avalanche photodiode and lock-in detection. The pump fluence was kept below 10 μJ/cm2  
to minimize heating but still produce peak values of ΔR/R of approximately 4 × 10-5 . Figures 2(a) 
and (b) present ΔR/R as a function of time at various temperatures for LCMO and bilayered LSMO, 
respectively. Small oscillation around 1ps (clearly seen in case of LCMO 450K) could be due to 
Raman active coherent phonon oscillation [15] and this indicates that the lattice system does not 
reach thermal equilibrium of electron-lattice coupled system via the mutual thermal contact [15]. 
The following slow decay part would be corresponding to the cooling process. The solid lines in 
figure 2 represent best fits to a two exponential decay model, which includes a longer recovery 
associated with spin-lattice thermalization..  
 
 
Our measurements of this longer spin-lattice thermalization on the single crystal LCMO agree with 
previous data acquired on thin film samples [11] and, in what follows, we will not further discuss 
this component of the dynamics in LCMO and bilayered LSMO. Interestingly, both materials 
exhibit a sub-ps recovery with a peak transient reflectivity amplitude being largest in the vicinity 
of TC and becoming smaller in both the ferromagnetic and paramagnetic phases (Fig. 3(a) shows 
this for LSMO). We note that similar behavior is also apparent in the temperature dependence of 
the neutron and x-ray scattering experiments [7, 8, 9] as shown by overlaying neutron data with 
our optical ΔR/R results in Fig. 3(a). Such a correlation between ΔR/R amplitude and neutron 
scattering experiment has been observed before in other manganites using mid-IR probe resonant 
with polaron energy [4]. Similarly, the fast relaxation time constant τ of both compounds display 
a pronounced temperature dependence with the peak at TC that will be discussed in detail below. 
  
As we described in Eq.1, below TC  the effective hopping matrix element tij becomes dominant 
because ferromagnetically aligned local spin maximizes tij=t cos(θij/2) =t (θij=0 degree) and 
overcomes electron localization due to the lattice distortion described by the second term in Eq. 1. 
Therefore, initial fast relaxation at T < 0.9TC should correspond to the time for mobile quasiparticle 
to shed its excess energy through electron-phonon scattering [4, 11, 16]. 17 
 
The low temperature behavior is reminiscent of regular metals such as Au and Ag [17]. In 
particular, the excited nonequilibrium electron distribution initially thermalizes via electron-
electron scattering and then relaxes through the emission of incoherent acoustic and optical 
phonons. The independence of the relaxation time at the temperatures below approximately 0.8TC  
is consistent with electron relaxation of typical metal as shown in ref. [17].  []. However, near TC 
the relaxation time in both cases shows a sudden jump in the magnitude of τ. Above TC localized 
polaronic term in Eq.1 gradually overcomes the hopping amplitude and causes τ to increase 
monotonically with decreasing temperature - in other words, upon approaching TC from above, the 
time for the photoexcited electron to redress to a polaronic state increases. At room temperature 
(300 K, T/TC ∼ 3.3 for bilayered LSMO and T/TC ∼ 1.2 for LCMO), τ is ∼ 0.23 ps (0.35 ps) for 
LCMO (bilayered LSMO). This coincides with the increasing importance of polaronic effects in 
these materials near and above TC. Therefore, we argue that the relaxation dynamics we measure 
for T > 0.9TC  (in both LCMO and bilayered LSMO) are dominated by polaronic effects where, in 
particular, the measured relaxation dynamics now correspond to the time for a photoexcited 
electron to redress to a polaronic state. This is in contrast to the case for T < 0.9TC , which, as just 
discussed, corresponds to the time for a free quasiparticle to shed its excess energy through e-ph 
relaxation.  
The optical conductivity of LCMO and bilayered LSMO shows multiple broad absorption peaks 
in the near-infrared region around 1.2 eV [18,19]. The Mn3+ eg levels with four d electrons are JT-
split into e1g and e2g, while the Mn4+ levels are not (Fig. 1). Therefore, near-infrared band consists 
of the sum of two bands [20]; one band with a peak below 1 eV which is due to intersite electron 
hopping from e1g (Mn3+) to eg (Mn4+) and the other band with a peak around 1.5 eV which is due 
to either on-site or inter-site Mn3+ d−d transitions [20-22]( Jung et al, [20] pointed out that  intersite 
transion may move to a higher energy which is very likely to move beyond the energy range we 
interested ). When the sample is excited by the pump pulse at 800 nm (∼1.5 eV), a polaronic 
carrier absorbs a photon and is excited to the upper Mn3+ e2g level. An electron in this upper Mn3+ 
e2g level is unstable and will relax to a lower level. There are two pathways for this relaxation; 
either directly back to the Mn3+ e1g state or through the nearest-neighbor Mn4+ eg level. The direct 
on-site  relaxation to Mn3+ e1g can occur on a very fast timescale without any need for motion of 
the oxygen atoms. There can also be a transition to a Mn4+ eg level, which will first occur without 
lattice deformation. However, the occupation of an initially degenerate eg level of Mn4+ will result 
in lattice motion and the electron will be localized to remove the degeneracy of the Mn3+ eg level 
through a JT distortion of the MnO6 octahedron. 
 
Emin and Holstein [23] showed that a scaling analysis of the adiabatic eigenstates of an electron 
placed in a deformable continuum enables us to obtain information about the polaronic bound state 
in a rather simple way. Following their paper, for the system with short range electron-phonon 
interactions, which describes best the interaction of electron with localized JT distortion in 
manganites,  its energy could be expresses as [23] 
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where Te, VSint  and d are the electron's kinetic energy, the constant for the short range interactions 
and the dimensionality of the system, respectively. R is the scaling factor for the electron wave 
function )/(2/ RrR d  , chosen so that the energy (as a function of R) of a finite radius eigenstate must 
have its minimum at the R=1, i.e. the scale corresponding to the actual eigenstate )(r . One 
important thing to keep in mind is that the energy expression in Eq. 2 is cut off at a small R=Rc 
due to atomistic limits, with E(Rc)=Esp being an energy of small polaron as described in Ref. 23. 
Importantly, small polaron minimum in Eq.2 is stable only when its energy is smaller than free 
electron minimum E(R = ∞) = 0, i.e. when Esp < 0. 
For T<TC, the effective hopping matrix element tij becomes maximum because of 
ferromagnetically aligned neighboring spins. If E(Rc) >0, the small polaron state is not stable and 
the system has a free electron ground state as shown for Te = 1 in Figure 4(a). In contrast, for T > 
TC, tij becomes smaller due to thermally disordered spins, which effectively reduce hopping 
probability. When temperature increases (corresponding to lower Te in Eq. 2), the energy at the Rc 
becomes negative and it is now possible to have the polaronic ground state as shown for Te = 0.7 
in Figure 4(a) red line. When we compare the relaxation of excited states after applying an external 
perturbation, such as the pump laser pulse, at T<TC and T>TC, the recovery time to the original 
state (before perturbation) is longer at T>TC because there is a barrier that has to be overcome in 
order to return to the polaronic ground state (Figure 4(b)).  
When temperature is increased, ground state gradually shifts from a free electron to a small polaron 
with a negative E(Rc), where an energy barrier begins to affect the relaxation and leads to a sharp 
increase of redressing time at TC as shown in Figure 3(b) for LCMO. The relaxation time of the 
electron-lattice system in the paramagnetic insulating phase corresponds to the recovery time of 
an initially excited electron back to polaronic state. When we further increase the temperature in 
the T>TC region, the electron kinetic energy Te becomes even smaller. Reduced electron kinetic 
energy decreases the height of an energy barrier (based on Eq. 2 and by comparison the red line 
with the blue line in figure 4(a)) and also reduces the energy at Rc. This results in the shorter 
redressing time necessary for returning to the polaronic bound state. Thus, the negative slope in 
our data at T>TC in Figure 3(b) could be explained with this qualitative Emin's analysis [23].  
It is interesting to compare our results with the resistivity data for different dimensions of 
manganese oxides in figure 2(a) in Moritomo et al. (ref. [2]). Their experimental data shows that 
steep rise of resistivity in 2 dimensional manganese oxides are observed around TC comparing with 
rather gradual resistivity change in 3 D. Since both electron-phonon interaction and kinetic energy 
of electron (Te ) influence resistivity and overall values of resistivity are larger in 2D, the data 
indicate that 2D would have more electron-phonon coupling than 3D. However, origins of strong 
electron phonon coupling in reduced dimensionality are not clear as follows 
In the case of 2D manganite like LSMO, Eq. 2 with d = 2 shows that there is no bound polaronic 
state). However, experimental data show the presence of 2D polaronic state in this material [24]. 
It is expected that the polaron size in the layered perovskite is larger than in the 3D perovskite due 
to the reduced dimensionality [5, 25]. Ku et al. reported that the correlation function decays more 
rapidly and that the surrounding phonons are more localized near the electron in higher dimensions 
[5]. Heffner et al. also observed larger magnetoelastic polarons in the 2D layered system than in 
the 3D perovskites [25]. Equation (2) was written with an assumption that the phonon mass equals 
to zero. However, including the finite phonon mass and applying more exact calculation using a 
variation method show that 2D polaronic bound state indeed exists [5,26] (actually, it appears in 
all dimensions including 4D). These calculations also predict that 2D polaronic state would have 
lower electron kinetic energy and smaller VSint magnitude than 3D state, and result in smaller 
energy barrier between polaronic and free electron ground states. Following these arguments, 2D 
polaronic redressing time should be effectively shorter than the 3D, which contradicts our 
observations shown in Figure 3 (b). 
In order to explain this controversy, we must also consider the spin ordering as there is a delicate 
interplay between the lattice and spin degrees of freedom in the manganites. For bilayered LSMO, 
magnetization measurements above TC indicate an emergence of in-plane, short range 2D 
ferromagnetic correlations, since the magnetization shows a plateau between 90 and 250 K [27]. 
A pair density function analysis of neutron scattering data by Louca et al.[28] also indicates the 
occurrence of double exchange processes at temperatures much higher than the 3D ferromagnetic 
ordering temperature (Tc = 90 K) of the layered system [28]. Thus, while complete 3D spin 
ordering occurs below Tc, there is considerable in-plane spin ordering that manifests well above 
TC. This affects the measured polaron redressing time in the following manner: As the temperature 
is decreased, the strengthening of 2D spin correlations facilitates increased hopping of the 
photoexcited carriers through double exchange processes. An increased hopping rate corresponds 
to a decrease in the average time an electron spends at a given Mn site. If this reduces the 
probability of JT octahedral distortion which effectively increases the time it takes to reform the 
polaronic state, 2D redressing time should be larger than 3D.  
To provide consistent explanation, we have to consider yet another effect of lower dimensionality 
in bilayered LSMO. Jahn-Teller distortion with polaron formation in lower dimensions was 
questioned before due to additional energy splitting caused by spatial confinement in 2D layers 
[2]. In our previous discussion of the bilayer LSMO compound, we completely neglected the fact 
that eg states may have already been split (beside JT distortion) due to lower crystal field symmetry 
in the layered compound. This makes a direct comparison with a 3D cubic LCMO compound less 
obvious. However, if energy splitting of eg states solely by the low dimensionality is stronger than 
JT-induced splitting with ensuing energy barrier between the polaronic and free electron ground 
states being bigger, the redressing process in 2D would take longer time than in 3D manganites.  
However, it is beyond the scope of this paper to examine all the effects of lower dimensionality, 
including quantum confinement and changes in crystal fields, on the relaxation processes in 
manganites. Experimentally ultrafast spectroscopy is sensitive to measure polaron redressing time 
as shown in the paper and should be carried the same kind of experiments in thin film manganese 
oxides to understand inter-correlation between JT distortion and  eg split with lower dimensionality. 
In conclusion, we have compared and contrasted the quasiparticle dynamics in 3D LCMO and 
quasi-2D bilayered LSMO single crystals in a broad temperature range. We observed the release 
of photoexcited electron from the polaronic confinement with subsequent redressing of electron to 
the polaronic or free electron ground state, which occurs on sub-picosecond timescales in in both 
materials. A comparison of the temperature dependence of the relaxation time between LCMO 
and bilayered LSMO in the paramagnetic insulating phase at T > Tc suggests that simple polaronic 
redressing picture have to be significantly modified in the 2D materials and a new model should 
be introduced where polaron redressing time is strongly influenced by the dimensionality of the 
electronic structure and the presence of spin correlations above TC.  
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(a)                                                                    (b) 
 
Figure 1. (a) Schematic of the double exchange interaction: If Mn3+ is aligned ferromagnetically 
with Mn4+, a charge transfer from Mn3+ to Mn4+ is allowed. However if these two ions are 
aligned antiferromagnetically, a charge transfer between Mn3+ to Mn4+ gives a high energy state 
which is energetically forbidden by Hund's rule of maximum on-site spin. (b) The Mn3+O6 
octahedron distortion associated with the Jahn-Teller effect and schematic energy level 
alignment of the Mn ion. It shows that Jahn-Teller distortion splits two-fold degenerate eg levels.
  
Figure 2. Temperature-dependent relaxation dynamics of (a) LCMO and (b) bilayered LSMO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)                                                                       (b) 
 
Figure 3 (a) Amplitude of ΔR/R measured at the peak as compared to the elastic neutron scattering 
amplitude [24], and (b) temperature dependent relaxation time of LSMO (black) and LCMO (blue). 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
  
Figure 4. (a) Representation of Eq. 2 for two Te values. Curves stop at cut off radius shown as black area. 
(b) Schematic pathway of quasiparticle relaxation following photoexcitation for  T< TC ,  T> TC and T>> 
TC  
  
